Successful implementation of chlorination for disinfecting community water systems in developing countries faces obstacles, with rejection of chlorinous flavor as a significant factor. Determining consumers' abilities to accurately detect chlorine in treated water is important to identifying acceptable chlorination levels that are also effective for water disinfection. Chlorine detection sensitivity was tested in untrained Ecuadorian consumers with limited prior experience with chlorinated water and US consumers with extensive prior experience with chlorinated water.
In 2012, an estimated 871,000 deaths worldwide were attributable to unsafe water, poor sanitation, and lack of hygiene practices (WHO ). Additionally, in 2015, an estimated 700 million people still used unimproved sources of drinking water, with a disproportionate number of those people residing in rural areas (WHO ). Improvements to clean water access, especially in rural areas, can have a significant positive impact on worldwide public health.
Chlorination is one of the most widely used interventions to treat drinking water for the removal and preclusion of biological contamination. Chlorine is a strong oxidizing agent, making it an excellent disinfectant (Deborde & von Gunten ). Chlorinating water has been shown to eliminate fecal indicator bacteria and Escherichia coli colonies, both of which can be signs of microbiological contamination (Quick et al. ; Luby et al. ) . Home chlorination has also been effective at reducing diarrhea rates, suggesting removal of harmful water contaminants (Quick et al. ; Semenza et al. ; Mengistie et al. ) . However, water treatment and even a reduction in indicator organism counts in home water samples are not always accompanied by decreased diarrhea rates (Kirchoff et al. ; Olembo et al. ) . This could be due to poor hygiene habits (e.g. handwashing), as well as the fact that not all pathogenic species are marked by indicator organisms. Insufficient chlorine treatment may also result in the survival of viruses or pathogen-carrying protozoa which are more resistant to chlorine than are free-living bacteria (King et al. ) . In addition, the persistence of diarrhea could be attributed to unsafe water storage practices or to family members drinking water from other untreated sources outside of their homes. Reliance upon the centralized treatment of community water systems could help prevent these latter causes of treatment failure. Chlorination is effective when it is maintained at concentrations sufficient to inactivate pathogenic microorganisms in the source water while also precluding their growth in distribution systems through the entire community water supply. It is important to note that water with high levels of natural organic matter (NOM) or turbidity requires a higher dose of chlorine for disinfection, and may require filtration prior to chlorine treatment to establish and maintain a chlorine residual for very high levels of NOM (Kotlarz et al. ) . Chlorination, particularly when implemented with a community-wide (piped) distribution system, is a key contributor to public health improvements in underdeveloped areas.
While an effective treatment method, chlorination has its challengesalternative approaches are broadly proved for systems that can provide safe drinking water without reliance on chlorine-based disinfection practices (Rosario-Ortiz et al. ) . In addition to complexities involved in the physical operation of a community-wide water system with centralized chlorination, barriers to community acceptance also arise from concerns about price, accessibility, and flavor and smell of treated water, as well as knowledge and beliefs about water safety (Sperry & showing promise for use in resource-poor settings. In light of these options and insights, we aimed to implement a methodology that could provide measurements on the relevant dimensions to our purpose (understanding community acceptance of chlorine-treated water) and can be achieved with minimal resources in a developing region.
A testing methodology that potentially meets these requirements has been developed by Lima Filho et al.
() and was the basis for the methodology used in this study. This technique, rather than indicating a threshold to detect particular flavors, instead measures the concentration level of a substance in water at which its presence significantly decreases the proportion of people who accept the use of the water. This level is a concentration range known as the compromised acceptance threshold (CAT). However, if the concentration level is too high, people will reject that water source, a level known as the rejection threshold (RT), also expressed as a range. These thresholds (i.e. CAT and RT) are applicable to the case of water treatment with chlorine because many people are able to detect chlorine at levels necessary for disinfection (Piriou 0.5-0.7 mg/L in Spain), had a lower detection threshold for chlorine flavor. In our study, the Ecuadorian participants had very little experience with chlorinated tap water, relative to US participants. Following findings of Piriou et al., we hypothesized that the Ecuadorian participants, having had less prior experience with chlorinated water, would be more sensitive to chlorinous flavors and thus would detect chlorine at lower concentrations than would participants from the USA.
In addition, we sought to apply methodology that would still allow for the determination of a CAT for chlorine concentration, helping to specify ranges for effectively chlor- which are based on public health concerns to maintain water safety, not flavor and odor considerations. Also, by limiting the maximum tested chlorine level to avoid offensive flavor conditions, participants were not exposed to levels that might lead to bias against future implementation of system-wide chlorine-based water treatment (due to a negative experience with chlorine in this study).
This method allows for recommendations to be made regarding implementation and management of chlorine water treatment systems in rural communities.
MATERIALS AND METHODS
Methods varied to some degree in Ecuador vs. in the USA due to differences in language and materials used. In the following sections, subcomponents of the method are described first for Ecuador, then for the USA.
Participants

Ecuador participants
Participants in Ecuador were volunteers from five communities in the Cantones of Guamote and Colta. Given the geographic area in which the study was performed, participants were predominantly of native Quechua ethnicity.
Most participants were native Kichwa speakers, with
Spanish as their second language. At each community, participants were gathered by asking a community leader to arrange for 30 individuals, 18 or older, who could participate in the flavor test. The community leader then recruited as many volunteers as were available and eligible to participate. In the five participant communities, a total of 123 volunteers were included, 61 females and 62 males In four of the communities, participants were people who were available and lived near the testing site. In the remaining community, Pomachaca, testing occurred during market day, so few community members were available. Therefore, the participants from that community consisted of students and teachers at the community school. The ages represented in our participants ranged from 18 to 85 years old (M ¼ 52.2, SD ¼ 19.1) and can be broken down in the following groups: 32 participants <40 years, 38 between 40 and 60 years, and 53 participants >60 years.
Participants were not compensated.
US participants
Participants in the study in the USA consisted of 54 students, faculty, and staff of Calvin College in Grand Rapids, MI. The ages represented ranged from 19 to 69 years old (M ¼ 29.1, SD ¼ 14.7), with 21 females and 33 males. US participant ages can be broken down as follows: 43 participants <40 years, 13 between 40 and 60 years, and 3 participants >60. Participants came from a variety of ethnic backgrounds, and 48 (88%) had at least 1 year of experience drinking chlorinated city water as their primary water, with most far exceeding that amount of time. All had some prior experience with chlorinated water sources.
Volunteers were recruited via email solicitation, and testing was carried out on three separate occasions to gather enough participants. Participants were compensated with lunch.
Materials and apparatus
Ecuador materials and apparatus
Water was obtained from each community's untreated water supply and was found to have no detectable free or total chlorine present. It should be noted that solutions were pre- Figure 1 , depicting an English language version of the scale). However, due to difficulties with the Spanish language being a second language for both participants and investigators, the survey was conducted as a series of 'yes' or 'no' questions orally posed to participants in order to capture the desired data indicators.
The rating scales were used only to indicate relative preference as communicated to investigators, rather than an absolute measure of liking each sample.
The survey and questions probed participants' ability to detect a difference between samples, choose a sample as the source of difference after detection, and give their attitude 
US materials and apparatus
Chlorinated water was prepared in a laboratory using nearly identical equipment to that which was used in Ecuador. All water used was Grand Rapids municipal water dispensed through taps in college academic buildings. Due to sparse use of many of the taps, the water had a long residence time in pipes, resulting in a tested free chlorine residual that was not detectable. On each testing day, an 8.25% sodium hypochlorite solution was diluted in tap water to make a stock solution. That stock solution was dosed into 500 or 800 mL of municipal tap water, depending on the requirements of each testing day. The same set of chlorine concentrations was used as those used in Ecuador, and free chlorine residuals were again verified with a Hach DR900 colorimeter. As in Ecuador, water samples were served at room temperature.
Questionnaires were similar to those used in Ecuador but presented in English (see Figure 1 ). Additionally, with the US sample, the liking scales were used as originally intended. Participants were instructed to draw a vertical line to mark their liking for each sample on the nonnumerical continuum of 10 cm, anchored by a frowny face on the left and a smiley face on the right (Figure 1) .
Detailed chemical analysis showed the US tap water to be highly similar to the water found in the Ecuadorian communities in which testing was done (see Table 1 ).
The values for essential features including pH, total dissolved solids and electrical conductivity across samples were similar and satisfy tap water quality requirements across all tested localities (US EPA ). Nonetheless, the pH dependence of chlorine speciation and volatility, especially around the pK a value of 7.6 for hypochlorous acid, may introduce differences in our tested water flavors. This potential bias is addressed in the Discussion. have a highly similar flavor composition across all testing locations.
Procedure
Ecuador procedure
Chlorine solutions for tasting were prepared for each community by using untreated water from that community's water source and dosing small amounts of concentrated stock sodium hypochlorite solution. The same source water was used in both Achullay and Sanancahuan due to time limitations, geographic proximity of the two communities, and chemical similarity between water sources.
Six total water tasting samples were prepared at the following free chlorine levels, with 95% confidence intervals When the chlorine solutions were prepped, participants were divided into groups of 10-15. Groups of these sizes were selected to allow enough wait time between tastings for residual flavor to fade, without causing an excess amount of waiting time for participants. After participants were gathered, instructions were given and each participant was assigned a number indicated on a small card handed to the individuals. Regarding the chlorination levels, participants were told only that all levels were safe, and that some tasting samples contained chlorine while others did not. 
US procedure
The water was chlorinated and samples poured prior to participants gathering for testing. Actual free chlorine levels were measured at the beginning of each testing session.
Target values remained the same as those used in Ecuador, 
RESULTS
The data were analyzed to address the question of whether Ecuadorian and US groups differ in their ability to detect chlorine in water and the rate at which they reject water samples that varied in chlorination levels. Comparing these rates across groups would allow us to address the hypotheses that past experience with chlorination impacts flavor perception and acceptance of chlorinated water. Second, chi-square analyses were also performed to assess chlorine concentration levels at which participants begin to reject water samples, relative to samples without chlorine. A two-way chi-square analysis could not be conducted to compare a number of rejections of chlorinated vs. non-chlorinated waters because some participants rejected both the chlorinated and non-chlorinated waters for some sample pairs, and thus some participants would belong to both conditions. This situation violates the independence assumption of chi-square analyses. Therefore, one-way chi-square analyses were conducted only on participants who rejected the chlorinated water sample at each of the five levels of chlorination. The result of the one-way chi-square for the Ecuador participants was significant, Χ 2 (4, 65) ¼ 13.231, p ¼ 0.010. See Figure 4 for the counts involved in this analysis. Following this significant effect, pair-wise chi-square analyses were conducted to compare the number of Ecuadorian participants who rejected the chlorinated sample at each of the five levels of chlorination compared to the number of rejections at the 0.0 mg/L level, using the 0.0 mg/L level as a baseline for how many people rejected the water when chlorine could have no effect.
The following results were found: Χ 2 0-0.1 (1, 12) ¼ 0.000,
(1, 26) ¼ 7.538, p ¼ 0.006. These results indicate that only when chlorine concentration passed the level of 1.0 mg/L, did the rejections of the chlorinated water significantly exceed the baseline number of rejections that occurred when no chlorine was present. The result of the one-way chi-square of the US participants was not significant, Χ 2 (4, 59) ¼ 0.576, p ¼ 0.966 (see Figure 5 ), indicating that for these participants, rejection rates did not differ as a function of chlorination levels.
Critical to determining the CAT is the ability to relate how much people like the water samples to rates of rejection. Liking scores were not obtained from the Ecuadorian participants, so CAT could not be calculated for that group. However, it was possible to attempt to calculate CAT for the US participants. Responses to the liking scale were measured for each participant for each paired sample type (chlorinated and non-chlorinated) for each In addition, the sample type by the level of chlorination interaction did not reach significance, F (4, 208) ¼ 1. were accepted and 93 (7.6%) were rejected. A two-way chi-square analysis was conducted on these values, Χ 2 (1, 1,770) ¼ 49.120, p < 0.001. These results indicate that as a whole, and regardless of chlorine presence or absence, US participants were significantly more likely to report the water flavor to be unfit for drinking.
DISCUSSION
We Normalización ; WHO ). As such, the maintenance of chlorine residuals at or below 1.0 mg/L appears capable of both effective disinfection and minimization of water rejection on the basis of flavor. Another noteworthy finding is that even when chlorine residuals are at their lowest effective levels, the water flavor will likely generate a small number of consumer complaints. Additionally, consumers may cite chlorine perception as the reason for complaints even in situations in which our findings suggest they would be equally likely to indiscriminately reject unchlorinated and chlorinated water. It follows that water treatment managers must be careful in how they respond to complaints from their consumers regarding chlorinous flavors. That is, before modifying treatment practices in response to consumer complaints, the presence of intolerable chlorine levels ought to be verified by testing with more objective instruments. Our findings give evidence that, without objective instrumental verification, biased consumer reporting may exert a negative influence on water disinfection efforts.
CONCLUSIONS
Flavor perceptions are highly subjective, making the formulation of broadly applicable standards difficult (AWWA Water Quality Division Taste and Odor Committee ).
The treatment of water with other disinfectants (e.g. ozone) and vigilant distribution system monitoring are alternative approaches that can reduce or eliminate the flavor concerns of chlorine-based disinfection practices.
However, chlorine treatment (with residual disinfectant) may be the preferred approach, especially when the water quality in distribution systems can be compromised by regrowth of pathogenic microbes and is insufficiently characterized by limited monitoring efforts. Providing information to water treatment managers and consumers regarding the flavor impacts of chlorine treatment is an important part of considering and implementing a treatment system in a new community.
With chlorine treatment, consumers ought to be continually included as instruments for measuring flavor impacts after the introduction of treatment in order to inform local dosing practices (Spackman & Burlingame ) . Given that a small minority of people perceived flavor impacts even at low chlorine concentration levels, it is clear that flavor and odor impacts of chlorine disinfection of drinking water are unavoidable in some consumers. As such, it is incumbent upon the leaders of water treatment programs to understand consumer reports and use objective measures in combination with consumer reports to assess water quality and ensure that people are provided the highest quality and safest water possible. In addition, chlorine concentrations in community water systems need to be carefully controlled. Excessively chlorinated water that generates a negative public reaction (resulting in increased rejection) as well as ineffectively low chlorine levels that do not effectively treat water (resulting in a false perception of safety) would foster perceptions that undermine effective implementation of chlorine disinfection. Our findings of increased sensitivity to chlorine flavors for those with little treatment history suggest benefits of beginning chlorine water treatment at lower doses before raising the dosage as consumer flavor perception adapts to the new chlorine species. Ensuring adherence to new water treatment programs is difficult, and so beginning at lower doses can reduce the likelihood of such negative events that might further limit community uptake of treatment systems (Shaheed et al. ) . Finally, influencing consumer perceptions that are deeply rooted in culture and experience may also be difficult. Achieving change in traditional water procurement and consumption practices in order to provide safe drinking water, while accounting for consumer perceptions of flavor, requires that water quality and chlorine levels be carefully controlled and that consumer reports be realistically evaluated in order to provide water that is consistently both palatable and potable.
